Separation of Oestrogens in Urinary Extracts
by Partition Chromatography BY W. S. BAULD* Department of Biochemi8try, Univeraity of Edinburgh (Received 30 March 1954) In a method developed for the quantitative determination of oestrogens in urine (Bauld, 1954a) partition chromatography was applied to the separation and purification of oestrone and oestradiol-17,B. Selection of a suitable solvent system was based on the following considerations. The desirability of a system with the oestrogens partitioning markedly in favour of the stationary phase is obvious from a rearrangement of the equation of Butt, Morris, Morris & Williams (1951) to express retention volume in terms of the other factors. In addition, for a routine method it is preferable to have the oestrogens freely soluble in one or other of the phases. Investigation of the contaminants of the oestrone-oestradiol-17,B fraction ofmale urinary extracts (Bauld, 1954a) showed the presence of acidic and basic material, and this made it desirable to have aqueous alkali as the stationary phase. Carol, Haenni & Banes (1950) reported the use of an aqueous sodium hydroxide-benzene system for the separation of the oestradiol epimers, and this system was adopted, since it met the requirements noted above, even though it was considered probable that a non-linear isotherm would result.
The ease of separation of oestriol from oestrone and oestradiol-17fi by partition between water and benzene (cf. Bachman & Pettit, 1941) rendered the use of chromatography unnecessary for this purpose. Oestriol was removed from the benzene solution of phenols and neutrals with water (Bauld, 1954a) and separated from the hydrophilic contaminants in this fraction by a partition chromatogram with 70 % methanol-ethylene dichloride, a solvent system discovered empirically.
The factors influencing the elution pattern of both chromatograms were investigated in detail.
METHODS

Purification of materials
Reagents used were A.R. unless otherwise stated. The final distillation of solvents was done in all-glass apparatus.
Benzene. This was refluxed for 30 min. with H,SO4 (50 ml./l.), washed with w-NaOH (B.P.) (4 x 0 1 vol.), water (to neutrality), dried over anhydrous Na2SO4, and distilled.
Ethylene dichloride. This reagent (I.C.I., metal or stoneware containers) was washed with N-NaOH (B.P.) (3 x 0 1 vol.), water (to neutrality), dried over anhydrous Na2SO4, (Fig. 1) was moved rapidly up and down the column below the surface of the solvent through the slurry until uniform particles were obtained. These were then packed in small segments (about 2 mm.) by a slow firm movement of the plunger which trapped some of the particles and compressed them into a pad. The most suitable size of hole in the plunger depended upon the interfacial tension of the slurry (cf. Martin, 1949) and holes of standard wire gauge 19 and 22 (1.02 and 0'71 mm.) were used for the NaOH-benzene and 70% methanol-ethylene dichloride systems respectively. 
Application of solutes and elution
The substances to be separated were dissolved in 1 ml. of mobile phase, transferred to the top surface of the chromatogram, allowed to enter the column completely, and the procedure was repeated twice with 1 ml. washings of the original container. Mobile phase was then added and collection ofthe eluate begun. The effluent appearing during the application of the solutes is not included in the volume of eluate shown in this report, but must be added when retention volumes are being determined.
Colorimetric estimation Solvent was removed from the chromatogram eluates by heating in a boiling-water bath in a current of air and the oestrogen content of the dry residue determined by the method already described (Bauld, 1954b) , the colour correction being applied except in the case of oestrogen-free residues as indicated in the Results section.
Preparation of urine residues
The 'oestriol' and 'oestrone-oestradiol-17#' fractions of hydrolysed urine were prepared as described (Bauld, 1954a ).
Determination of column parameters and partition coefficients
For these determinations a slurry containing a definite weight of Celite was packed in the column and the length of the chromatogram measured. The cross-sectional area of the inert phase (A,) was determined from the weight of dry Celite used, its density (2.34), and the length of the column (L) (cf. Martin & Synge, 1941) . The cross-sectional area of mobile phase (AL) was determined from L and the retention volume of a dye with zero partition coefficient for the stationary phase (cf. Butt et al. 1951 Eluate volume (ml.) Fig. 2 . Chromatography of chromogens oestradiol-17fl, neutral fraction' of male column) and of pure oestrone and oestra( second column). The characteristics ofboth 1 x 13 cm.; mobile phase benzene, stat 0-8N-NaOH; 0.9 ml. stationary phase/g. C tion rate 9-10 ml./hr. The concentration chromogens is expressed as oestrone and from uncorrected colorimetric readings. I955 oestradiol-17, was undesirable for routine determinations. Accordingly, after collection of the eluate from 10-50 ml. (oestrone fraction) the eluent was changed to unequilibrated ethylene dichloridebenzene (3:1, by vol.). This procedure was used for a year; in all the chromatograms carried out during this time oestrone was eluted by 40 ml., and subsequently the solvent change was made at this point. Fig. 3 Amount of stationary phase added. Investigation of the optimum amount of stationary phase to be added to Celite showed, as expected from theoretical considerations, that the elution of oestrone and oestradiol-17,B was delayed as the concentration of stationary phase was increased from 0-6 to 1 0 ml./ g. Celite. However, at the higher levels a marked tendency to trailing resulted. The slurry obtained under these latter conditions was visibly different, being granular, whereas that obtained with lesser amounts of stationary phase was flocculent. Initially a concentration of 0-9 ml. of stationary phase/g. Celite was used, and granular slurries with band-spreading were obtained unless rigid precautions were taken to keep the Celite dry (cf. Fig. 4) . Use of 0-8 ml./g. of Celite was found to give the most satisfactory results.
Presence of urinary residues. Fig. 6 demonstrates that the retention volume of oestrone is decreased by the presence of the chromogens in the male urine fraction of 'oestrone, oestradiol-17,7 and neutrals'. The retention volume of oestradiol-17# is similarly affected by chromogens. This important factor has been overcome in the final method by taking 10-30 ml. as the oestrone, 40-90 ml. as the oestradiol, fractions, and as a frequent control procedure collecting the eluate from 8 to 10 and 30 to 40 ml. to demonstrate the absence ofoestrogen. In the column shown, As and AL were found to be equal (0-36 cm.2), with the calculated partition coefficient agreeing with the theoretical for pure oestrone but lower in the presence of the urinary contaminants.
Other variables. Oestrogens were eluted somewhat faster from columns packed to give a percolation rate of 20 ml./hr., with gravity feed. The calculated cross-sectional areas ofsuch chromatograms showed the decreased retention volumes to be explainable on the basis of increased ALIA,S resulting from the less firm packing. The percolation rate of 10-12 ml./hr. was selected for ease of reproducibility.
Figs. 2-6 demonstrate the tendency to trailing boundaries seen in this system. The partition coefficient of oestrone measured at concentrations of 10 and 1 mg./ml. shows a decrease (in favour of the aqueous alkali) of 25 % at the higher levels.
Purifiation of oestriol
The chromatogram for the separation of oestriol from urinary contaminants was standardized at the outset. Initially the temperature was maintained at 25 ± 0.50 in a thermostatically controlled air enclosure. A series ofexperiments was conducted at intervals over a period of a year and the uniformity of elution patterns from 1 x 10 cm. columns is demonstrated in the scatter diagram (Fig. 7) . For convenience in the final method the chromatograms are run in a room kept at 18 ± 10. Fig. 8 shows a Vol. 59 297 typical separation of oestriol from urinary contaminants, and also the elution pattern of pure oestriol under the same conditions. The close agreement between the calculated and theoretical values for partition coefficient is shown.
DISCUSSION
The elution of oestrone and oestradiol-17fi described in this report differs from that found with the same solvent system by Swyer and his co-workers (Swyer & Braunsberg, 1951; Braunsberg, Stern & Swyer, 1952) , in that their retention volumes are smaller and all three oestrogens are separated on the same column. Since they do not specify the height oftheir column, calculation of the cross-sectional area of the phases is not possible.
Their method is quick, but the zero elution zone between oestrone and oestradiol-17P is small and oestriol is applied to the chromatogram at a time when its characteristics are markedly changing. One would expect purification to be poor, and this was demonstrated by Bitman & Sykes (1953) . The latter investigators displace oestriol by passing carbon dioxide up through the column, a process which must cause gross distortion of the chromatographic zones. Moreover, the method oftransferring oestriol in benzene (Bitman & Sykes, 1953 ) is unlikely to be quantitative. The variation of elution pattern with alkali concentration of the stationary phase was to be expected from the known variation of partition coefficient under these circumstances (cf. Bachman & Pettit, 1941; Mather, 1942) . The marked variation with temperature suggests that the solubility of alkali in benzene plays an important part in determining the distribution of the oestrogens. In instances where it is more convenient to control the temperature at higher levels, the separation between the zones can be maintained by increasing the column length.
The increase in retention volume ofthe oestrogens as the ratio of stationary to mobile phase increases is in accord with theoretical considerations. The irregularpattern obtained when 1-0 ml. ofstationary phase/g. of Celite was used may have been due to the resultant increase in particle size. This would increase the time necessary for equilibration, and as pointed out by Glueckauf (1949) cause a tendency to channelling down the walls of the column. The percolation rate adopted in this investigation was 2-13 cm./hr. Howard & Martin (1950) In order to ensure quantitative transfer of the residues to the chromatogram, the flask is washed 3 times with relatively large volumes of mobile phase. Since most of the solutes dissolve in the first wash, this is allowed to enter the chromatogram separately in order to minimize frontal analysis in the bulk of the solutes. The observed variation of partition with concentration is the probable cause of the trailing boundaries seen in the alkaline chromatograms (cf. Levi, 1949) .
No investigation was conducted into the most suitable column dimensions. In elution analysis the concentration of solutes on the columns must be kept low, and in view ofthe large amounts ofurinary contaminants a relatively large column was used. Dr S. M. Partridge (personal communication) recommended maintaining a height/diameter ratio of approximately 10/1. Glueckauf (1949) pointed out that low ratios lead to irregular packing and tilting of boundaries, while high ratios cause irregular elution owing to wall channelling.
The decrease in retention volume of oestrone in the presence of urinary contaminants suggests that these exert the displacement effect to be expected with aqueous alkali as the stationary phase (cf. Martin, 1949) . The elution of oestriol is unaffected by the presence of urinary contaminants indicating a pure elution analysis.
With the variety of applications of the countercurrent principle now available for the separation of oestrogens in urine extracts, it is desirable to discuss the relative merits of the different methods. Stimmel's (1946) use of alumina was attractive because of the simplicity of operation of adsorption chromatography. The technique has not been widely used owing to the inability of other workers to reproduce his results (cf. Swyer, 1952) , an inability probably due to variations in adsorbent (cf. Bates, 1952) . Engel (1950) summarized the theoretical and practical limitations of the use of alumina in quantitative methods. Nevertheless, Dr J. B. Brown (to be published), using methylated oestrogens, has produced a satisfactory reproducible separation by adsorption chromatography. The method described by Engel, Slaunwhite, Carter & Nathanson (1950) , which uses a countercurrent liquid-liquid extraction train operating discontinuously, is of high precision and dependability, but the complex apparatus and lengthy procedure may prevent its general application to routine analyses. Moreover, oestrogens in urinary extracts are still markedly contaminated (cf. Slaunwhite, Engel, Scott & Ham, 1953) . Migeon (1953) , by additional distributions, effected further purification but lengthened the procedure.
The method described in the present report is inconvenient in that two partition chromatograms are involved, but the additional labour involved appears to be justified by the wide separation between the impurities and the oestrogens. Prof. C. Morris & Dr J. Preedy (personal communication) have separated the three oestrogens on one chromatogram by gradient elution but the method has not yet been applied to urinary extracts. SUMMARY 1. A method for the separation and purification of oestriol, oestrone and oestradiol-17,B in extracts of hydrolysed urine is described.
2. Partition chromatography is used for the purification of oestriol and for the separation and purification of oestrone and oestradiol-17,B.
3. The principal factors affecting the elution of oestrogens from the partition chromatograms are described in full.
